Ozone and obesity both increase IL-17A in the lungs. In mice, obesity augments the airway hyperresponsiveness and neutrophil recruitment induced by acute ozone exposure. Therefore, we examined the role of IL-17A in obesity-related increases in the response to ozone observed in obese mice. Lean wild-type and obese db/db mice were pretreated with IL-17A-blocking or isotype antibodies, exposed to air or ozone (2 ppm for 3 h), and evaluated 24 hours later. Microarray analysis of lung tissue gene expression was used to examine the mechanistic basis for effects of anti-IL-17A. Compared with lean mice, ozone-exposed obese mice had greater concentrations of BAL IL-17A and greater numbers of pulmonary IL-17A 1 cells. Ozone-induced increases in BAL IL-23 and CCL20, cytokines important for IL-17A
Ozone (O 3 ) is a common air pollutant that triggers asthma. O 3 exposure initiates asthma symptoms, reduces lung function, and increases hospital admissions and emergency room visits for asthma (1, 2) . O 3 exposure causes lung epithelial injury leading to an inflammatory response that includes release of cytokines and chemokines, neutrophil recruitment, and airway hyperresponsiveness (AHR), a canonical feature of asthma (3, 4) . The inflammation and AHR caused by O 3 exposure likely contribute to the capacity of O 3 to trigger asthma.
In the United States, approximately one-third of adults are obese, and another one-third are overweight. Importantly, obesity exacerbates O 3 -induced reductions in lung function, especially in subjects with AHR (5, 6) . Obesity exacerbates the impact of O 3 on asthma symptoms in children (7) . Given that obesity is itself a risk factor for asthma (8) , these data suggest that O 3 can be a particular problem for the obese individuals with asthma.
Obesity exacerbates responses to acute O 3 exposure in mice (9, 10) . We have demonstrated that blocking IL-33 signaling reduces but does not abolish obesity-related increases in the response to O 3 (9) , indicating that although IL-33 plays a role in these events, other factors must also contribute. In mice, IL-17A augments the AHR and neutrophil recruitment induced by IL-33 (11) , and O 3 increases IL-17A expression (12, 13) . IL-17A contributes to the pathogenesis of other comorbidities of obesity, such as glucose intolerance (14) . Lung IL-17A is also elevated, both in obese versus lean mice (15) (16) (17) and in sputum of obese versus lean persons with asthma (18) . Furthermore, IL-17A contributes to the innate AHR observed in mice with diet-induced obesity (15) and has also been shown to play a role in neutrophil recruitment induced by subacute (low-dose, long-duration) O 3 exposure (19, 20) . Therefore, we hypothesized that IL-17A could be contributing to obesity-related increases in the pulmonary responses to acute O 3 exposure.
To test our hypothesis, we treated lean wild-type (WT) and obese db/db mice with anti-IL-17A or isotype antibody 24 hours before air or O 3 exposure. Anti-IL-17A decreased O 3 -induced AHR in obese but not in lean mice. To examine the mechanism underlying the effect of IL-17A, we performed a microarray analysis to identify genes altered both by O 3 and by anti-IL-17A in db/db mice. The gene for gastrin-releasing peptide receptor (GRPR), the receptor for gastrin-releasing peptide (GRP), a member of the bombesin family of peptides that is found in pulmonary neuroendocrine cells (NECs) (21) , was among the genes identified. Importantly, obesity augmented O 3 -induced increases in BAL GRP, and treatment with anti-GRP neutralizing antibodies significantly reduced obesity-related increases in O 3 -induced AHR. The data indicate that in obesity, IL-17A contributes not only to innate AHR (15) but also to further increases in airway responsiveness induced by a common nonallergic asthma trigger. The data also show, for the first time, to our knowledge, that one mechanism by which IL-17A may be driving AHR is through increases in Grpr expression. The data suggest that GRP and GRPR might be good therapeutic targets for asthma phenotypes such as obese asthma, in which IL-17A appears to play a role.
Methods

Mice
Female db/db and WT (C57BL/6) mice at ages 6-8 weeks were purchased from The Jackson Laboratory and studied at 10 weeks of age. Breeding of Cpe fat /TNFR2
2/2 mice is described elsewhere (16) . Cpe fat /TNFR2 2/2 mice at 12 weeks of age were studied. Mice on high-fat diets (HFDs) were rendered obese by feeding them a diet in which 60% of calories were derived from fat in the form of lard for 24 weeks, as described previously (9) . Control mice were fed regular mouse chow for 24 weeks. All protocols were approved by the Harvard Medical Area Standing Committee on Animals.
Protocol
WT and db/db mice as well as Cpe fat /TNFR2 2/2 mice were given intraperitoneal injections with either an IL-17A-neutralizing antibody (4 mg/kg, clone 50104; R&D Systems) or with an isotype antibody (4 mg/kg, clone 54447; R&D Systems) (22) . Mice were exposed to room air or O 3 (2 ppm for 3 h) 24 hours later. Airway responsiveness was measured; BAL was performed; and blood was collected for preparation of serum 24 hours after exposure. The lungs were then flushed with cold PBS via the vasculature to remove blood and harvested for preparation of RNA for microarray and qRT-PCR.
To examine the role of signaling through GRPR, WT and db/db mice were given injections of a monoclonal antibody, 2A11 (4 mg/kg i.p.) (23) , which binds the C-terminal region of both human and mouse GRP with high affinity (24) and blocks GRP-mediated effects on lung cells (25) , or with isotype antibody (clone MOPC-21; BioLegend) 1 hour before air or O 3 exposure. Mice were studied 24 hours after the cessation of exposure, as described above.
Microarray
Lung RNA samples from 11 mice were used in this analysis. All were from db/db mice. Four were from air-exposed isotype antibody-treated mice, four were from O 3 -exposed isotype antibody-treated mice, and three were from O 3 -exposed anti-IL-17A-treated mice. Gene expression analyses of these 11 samples were performed using GeneChip Mouse Gene 1.0 ST arrays (Affymetrix), as described in the data supplement. Transcription factor binding enrichment for genes that were both affected by O 3 and within the O 3 -affected genes, as well as affected by anti-IL-17A, were analyzed using MsigDB (Broad Institute) (see data supplement). Microarray results were confirmed using qRT-PCR. The microarray data have been deposited in the Gene Expression Omnibus database (http://www.ncbi.nlm. nih.gov/geo/query/acc.cgi?acc=GSE81800). Methods of O 3 exposure, measurements of airway responsiveness, RNA extraction, qRT-PCR, BAL, measurement of cytokines and chemokines, transcription factor binding enrichment, and flow cytometry are detailed in the data supplement.
Statistics
Statistica software (StatSoft) was used to analyze data by factorial ANOVA with mouse genotype, antibody treatment, and exposure, or with mouse genotype, diet, and exposure, as main effects. As a post hoc test, we used Fisher's least significant difference test. BAL cells and flow cytometric data were log transformed before statistical analysis to conform to a normal distribution. A P value less than 0.05 was considered statistically significant.
Results
Obesity Augments O 3 -induced IL-17A Expression O 3 caused significant increases in BAL IL-17A ( Figure 1A ) and in IL-17A
1
CD45
1 lung cells ( Figure 1B; and Figure E1 in the data supplement) that were greater in db/db than in WT mice. IL-17A 1 CD45 1 lung cells were also greater in obese than in lean mice exposed to room air ( Figure 1B) . O 3 -induced increases in BAL IL-23 ( Figure 1C ), a cytokine that contributes to IL-17A expression (26) , were also greater in db/db than in WT mice. Furthermore, there was a strong correlation between BAL IL-17A and BAL IL-23 ( Figure 1D ). Obesity also augmented O 3 -induced increases in BAL CCL20 ( Figure 1E ), a chemotactic factor for CCR6
1 IL-17A-expressing cells (27 
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had any significant effect on serum IL-17A ( Figure 1F ).
Essentially similar results were obtained with diet-induced obese mice: O 3 -induced increases in both BAL IL-17A and BAL IL-23 were greater in mice in which obesity was induced by HFD feeding than in lean control mice fed regular mouse chow ( Figures 1G and 1H) , and there was also a tight correlation between IL-17A and IL-23 in these mice (r 2 = 0.89). Interestingly, O 3 exposure also resulted in a significant increase in serum IL-17A in the HFD-fed mice but not in the chow-fed mice ( Figure 1I ). Taken together, the data indicate that after acute O 3 exposure, obesity (regardless of how it was induced) created an environment conducive to the pulmonary recruitment and activation of IL-17A-expressing cells.
Effects of IL-17A Neutralization on Responses to O 3 in Lean and in Obese Mice
To examine the impact of O 3 -induced elevations in IL-17A, mice were treated with anti-IL-17A or isotype control antibodies before O 3 or air exposure. In mice treated with isotype antibodies, O 3 -induced increases in BAL neutrophils were greater in db/db than in WT mice (Figure 2A ), as previously described (9, 10) . In O 3 -exposed db/db mice, anti-IL-17A significantly reduced BAL neutrophils toward amounts observed in WT mice (Figure 2A ). IL-17A neutralization also reduced BAL neutrophils in WT mice. IL-17A recruits neutrophils via production of other neutrophil chemotactic and survival factors, including CXCL1, CXCL2, CXCL5, IL-6, and granulocyte-colony stimulating factor (G-CSF) (28) (29) (30) . BAL concentrations of CXCL2 and CXCL5 were not significantly affected by O 3 in either lean or obese mice (data not shown). However, in mice treated with isotype antibody, O 3 exposure did increase BAL concentrations of CXCL1, IL-6, and G-CSF, and each was increased to a significantly greater extent in obese than in lean mice ( Figures 2B-2D ). BAL CXCL1 was significantly lower in O 3 -exposed db/db mice treated with anti-IL-17A than in those treated with isotype antibody, whereas BAL IL-6 and BAL G-CSF were not affected by anti-IL-17A treatment. No effect of anti-IL-17A on O 3 -induced increases in BAL CXCL1, IL-6, or G-CSF was observed in WT mice ( Figures 2B-2D ).
Anti-IL-17A did not impact O 3 -induced changes in BAL macrophages or BAL protein, an index of O 3 -induced injury to the alveolar/capillary barrier (data not shown).
In air-exposed mice, airway responsiveness was significantly greater in db/db than in WT mice, consistent with previous reports (9), but there was no significant difference in airway responsiveness in db/db mice treated with isotype versus anti-IL-17A antibody ( Figure 3) . O 3 -induced increases in baseline pulmonary mechanics and in airway responsiveness were also greater in db/db than in WT mice (compare Figures 3A and 3B), consistent with previous reports (9) . Shown in Figure 3 are changes in the coefficient of lung tissue damping, G. There were also effects of O 3 on the coefficient of lung tissue elastance, H, in obese but not in lean mice (see Figure E2 ). G and H measure changes in the lung periphery, including airway closure, and dominate effects of O 3 on airway responsiveness to aerosolized methacholine in mice (10) . In contrast, there was no significant effect of obesity or O 3 on Newtonian resistance, Rn, which reflects mainly changes in the central airways (see Figure  E2 ). Compared with isotype antibody, anti-IL-17A had no significant effect on baseline pulmonary mechanics in either db/db or WT mice (PBS values in Figures 3A and 3B and Figure E2 ). However, anti-IL-17A reduced but did not abolish O 3 -induced AHR in db/db but not WT mice. Anti-IL-17A had no effect on airway responsiveness in either db/db or WT mice exposed to air (Figures 3A and 3B). Taken together, our data indicate that IL-17A contributes to part of the augmented response to O 3 observed in obese mice. Because we have previously reported that IL-33 contributes to obesity-related increases in the response to O 3 (9), we also examined the impact of anti-IL-17A on BAL IL-33 in O 3 -exposed db/db mice. Compared with isotype, anti-IL-17A did not significantly alter BAL IL-33 in db/db O 3 -exposed mice (85 6 21 vs. 78 6 15 pg/ml, respectively; nonsignificant result).
We have previously reported that another type of obese mouse, the Cpe fat mouse, also exhibits greater O 3 -induced AHR than WT mice do (10) . Cpe fat mice are obese because they are genetically deficient in carboxypeptidase E (Cpe), an enzyme involved in processing neuropeptides involved in eating behavior. O 3 -induced AHR is even further augmented if the Cpe fat mice also lack TNFR2 (Cpe fat /TNFR2 2/2 mice) (10). Consequently, to determine whether the observed role for IL-17A in O 3 -induced AHR ( Figure 3B ) was unique to db/db mice or a general feature of obese mice, we also examined the impact of anti-IL-17A on O 3 -induced AHR in obese Cpe fat /TNFR2 (Figure 4 ), similar to results obtained in db/db mice ( Figure 3B ).
Effect of Anti-IL-17A on O 3 -induced Pulmonary Gene Expression in Obese Mice
To begin to understand the mechanistic basis for the impact of anti-IL-17A treatment on O 3 -induced AHR in db/db mice, we performed a microarray analysis on lung tissue from db/db mice. We first determined which genes were affected by O 3 exposure. Compared with air, exposure of db/db mice to O 3 resulted in significant changes in 869 Affymetrix IDs. Of these, 481 decreased with O 3 , and 388 increased. The list of increased genes contained several, including Il6, Cxcl5, Timp1, Mt2, and Tnc, that have also been reported to increase with acute O 3 in lean mice, albeit with different exposure protocols (31, 32) . To determine whether there were gene ontology categories that were enriched in these gene sets, we performed functional annotation clustering on those genes that were either significantly increased (108 genes) or decreased (190 genes) with O 3 with a fold change of at least 2. (See Table E1 for a list of these genes.) For the genes that increased with O 3 , nine annotation clusters had significant enrichment scores (Table 1) . These clusters included protease inhibitors, especially serpins; members of the epidermal growth factor family, including Areg, Ereg, and Hbegf; components of fibrinogen; genes involved in epithelial morphogenesis, including Igf1 and Pgf; genes related to ribosome biogenesis; and cell-cell adhesion molecules, including gap junction proteins Gjb4 and Gjb3. For genes that decreased with O 3 , 10 annotation clusters had significant enrichment scores (Table 2) . With the sole exception of a category containing ribosome genes, all of these clusters were related to dynein and other components of cilia. Taken together, the results are consistent with substantial injury to and loss of the epithelium, especially the ciliated epithelium, and subsequent matrix remodeling and repair.
To confirm these data, we used qRT-PCR on RNA extracted from lungs of isotype-treated WT and db/db mice exposed to air or O 3 as described in Figure 3 to assay the relative expression of a subset of these genes. qRT-PCR confirmed the results of the microarray because compared with air, O 3 increased Timp1 and Mt2 and decreased Dnahc6 and Scl4a5 mRNA abundances in db/db mice ( Figure E3 ). In addition, O 3 -induced changes in each of these genes were greater in db/db than in WT mice.
To determine the effect of IL-17A on expression of these O 3 -responsive genes, we then examined the set of 869 O 3 -affected Affymetrix IDs in db/db mice that had been treated with isotype antibody versus anti-IL-17A. Among those genes significantly affected by O 3 exposure, there were 108 genes that were also affected by anti-IL-17A treatment using a false discovery rate-adjusted P value less than 0.1 and a log 2 fold change of 0.3 or greater as criteria (Table E2) . We used the MsigDB Broad Institute software to determine which transcription factor binding sequences were enriched in that gene set. Among the transcription factors so identified were several that are known to induce IL-17A or to be activated by IL-17A signaling, including AP-1 ( 2/2 mice exposed to ozone. Cpe fat /TNFR2 2/2 mice were treated intraperitoneally with IL-17A-neutralizing or isotype antibodies 24 hours before ozone exposure. Airway responsiveness was evaluated using G, the coefficient of lung tissue damping, a measure of responses of the lung periphery. Results are mean 6 SE of seven to nine mice per group. *P , 0.05 versus isotype-treated mice.
Although there were effects of anti-IL-17A on other O 3 -responsive genes (Table  E2) , we were particularly interested in Grpr because our primary focus was O 3 -induced AHR, and GRP, the pulmonary NEC peptide for which GRPR serves as a receptor, causes contraction of small airways (34) . Obesity and O 3 both induce oxidative stress, and other conditions that induce oxidative stress, especially hyperoxia, have been associated with GRP release (35) . In addition, AHR is observed in children with pulmonary NEC hyperplasia (36) . Furthermore, others have shown interactions between GRP and IL-17A in the induction of experimental arthritis in mice (37) . Consequently, we performed qRT-PCR to examine the pulmonary mRNA abundance of Grpr in the mice described in Figures 2 and 3 . Consistent with the microarray analysis, the mRNA abundance of Grpr was significantly greater in lungs of O 3 -versus air-exposed db/db mice and significantly decreased in anti-IL-17A-versus isotype-treated db/db mice exposed to O 3 ( Figure 5A ). Moreover, O 3 -induced increases in Grpr expression were greater in db/db mice than in WT mice, consistent with the greater IL-17A in the obese mice ( Figures 1A, 1B, and 1G ). Because our data indicated a significant impact of anti-IL-17A on AHR in Cpe fat /TNFR2 2/2 mice exposed to O 3 ( Figure 4 ), we also examined pulmonary Grpr expression in those mice. Consistent with the impact of anti-IL-17A on Grpr expression in db/db mice exposed to O 3 ( Figure 5A ), we also observed a reduction in Grpr mRNA abundance in lungs of anti-IL-17A-versus isotype-treated Cpe fat /TNFR2 2/2 mice exposed to O 3 ( Figure 5B ), confirming a role for IL-17A in the expression of this gene after O 3 exposure in obese mice. We also observed a significant increase in the pulmonary mRNA expression of Grpr in db/db versus WT air-exposed mice ( Figure 5A ). However, in air-exposed mice, Grpr expression was not impacted by anti-IL-17A treatment ( Figure 5A ). qRT-PCR also confirmed that another gene on the list of O 3 -and anti-IL-17A-affected genes (Table E2) , Nqo1, was also significantly increased by O 3 in db/db versus WT mice and significantly reduced in anti-IL-17A-versus isotype-treated db/db mice ( Figure E4) , further validating the results of the microarray.
Effect of Anti-GRP on Obesity-related Increases in Response to O 3
To assess a possible role for GRPR, we treated obese db/db mice with anti-GRP neutralizing antibodies or isotype antibodies. Compared with isotype treatment, anti-GRP treatment caused a significant decrease in AHR ( Figure 6A ) in obese O 3 -exposed mice, but it did not completely abolish the differences between lean and obese mice, similar to the effects of anti-IL-17A treatment ( Figure 3B ). There was also a small reduction in airway responsiveness in obese mice exposed to air ( Figure 6B ). BAL neutrophils were also reduced in anti-GRPversus isotype-treated obese mice exposed to O 3 ( Figure 6C ), whereas other BAL cells were unchanged (data not shown) . Given the importance of IL-33 for O 3 -induced AHR in obese mice (9), we measured BAL IL-33 by ELISA in these mice. O 3 caused a greater increase in BAL IL-33 in obese than in lean mice, as previously reported (9), but there was no effect of anti-GRP on BAL IL-33 in either obese or lean mice ( Figure 6D ), nor was Grpr expression itself affected by anti-GRP treatment ( Figure 6E ).
We also assessed BAL GRP in these mice ( Figure 7A ). Compared with air, exposure to O 3 caused a significant increase in BAL GRP in db/db mice, and BAL GRP was significantly greater in O 3 -exposed db/db mice than in WT mice. O 3 -induced increases in BAL GRP were also greater in mice with diet-induced obesity than in chow-fed control mice ( Figure 7B ). To determine whether IL-17A could affect GRP release, we also measured BAL GRP in mice in the cohort of mice described above that were treated with anti-IL-17A versus isotype antibody ( Figure 7C) . O 3 -induced increases in BAL GRP were greater in db/db than in WT mice, consistent with the data in Figure 7A . However, compared with Definition of abbreviation: EGF = epidermal growth factor. Functional annotation clustering performed using DAVID functional annotation clustering tool on high stringency.
isotype antibody, anti-IL-17A had no effect on BAL GRP in either db/db or WT mice.
Reductions in the expression of inflammatory cytokines, including IL-17A, are observed after GRPR inhibition in experimental arthritis (37) . However, there was no difference in BAL IL-17A in isotype-versus anti-GRP-treated db/db mice exposed to O 3 ( Figure E5 ). We also did not observe any effect of anti-GRP treatment on BAL concentrations of other cytokines and chemokines known to be elevated in obese versus lean mice exposed to O 3 ( Figure E5 ). The lack of impact on inflammatory cytokines of blocking GRP in the lungs of these obese O 3 -exposed mice versus the efficacy of blocking GRP signaling in the joints of mice with experimental arthritis (37) likely reflects differences in the nature of the inflammation induced in the two types of models.
Discussion
Our data indicate that IL-17A contributes to augmented responses to O 3 in obese mice. BAL IL-17A and lung IL-17A 1 cells were greater in O 3 -exposed obese mice than lean mice ( Figures 1A, 1B, and 1G) , and anti-IL-17A treatment attenuated obesityrelated increases in the response to O 3 ( Figures 2-4) . A multiplex assay identified CXCL1 as a chemokine downstream of IL-17A that may have contributed to the impact of IL-17A on BAL neutrophils ( Figure 2B ), whereas microarray data coupled with measurements of BAL GRP and studies with anti-GRP identified Grpr as a gene downstream of IL-17A that was involved in the impact of IL-17A on O 3 -induced AHR (Figures 5-7) .
Anti-IL-17A reduced O 3 -induced AHR in obese mice ( Figures 3B and 4) . Consistent with these observations, others have reported that IL-17A can induce AHR, but usually only under circumstances in which IL-13 or IL-33 is also elevated (11, 38) . We have shown that both IL-13 and IL-33 are induced to a greater extent in obese than in lean mice after acute O 3 exposure (9, 10). Given that experiments using anti-ST2 and anti-IL-13 also indicated roles for IL-13 and IL-33 in response to O 3 in obese mice (9, 10) , the data suggest that the role of IL-17A in the augmented O 3 -induced AHR of obese mice ( Figures 3B and 4 ) may be to amplify the effects of IL-33 and/or IL-13. However, the nature of this amplification is unlikely to include effects of IL-17A on IL-33 release, because BAL IL-33 was unchanged in isotype control-versus anti-IL-17-treated obese mice, nor did blocking the effects of IL-33 with anti-ST2 antibodies (9) affect BAL IL-17A (data not shown). Instead, interactions between IL-17A and IL-33 likely occur downstream from the release of these cytokines.
Whereas anti-IL-17A treatment reduced O 3 -induced AHR in obese mice ( Figures 3B and 4) , it had no effect in lean mice ( Figure 3A) , even though it did impact BAL neutrophils in lean mice (Figure 2A) . The reason for the obesity-related difference in the impact of anti-IL-17 on O 3 -induced Functional annotation clustering performed using DAVID functional annotation clustering tool on high stringency.
AHR is not clear, but it may involve type 2 cytokines. We have shown that IL-13 is induced by this acute O 3 exposure in obese but not in lean mice (9, 10). As discussed above, the ability of IL-17A to promote O 3 -induced AHR in the obese mice may be related to interactions between IL-17A and IL-13 or IL-33 (which induces type 2 cytokines). In this context, it is interesting to note that IL-17A does contribute to O 3 -induced AHR in lean mice when the mice are exposed using a different O 3 exposure paradigm involving several acute exposures, each separated by 2 days (13). With this latter type of O 3 exposure, the lean mice also express type 2 cytokines in their lungs (13) (likely as a result of expression by recruited invariant natural killer T cells), and IL-4 and/or IL-13 is required for O 3 -induced AHR.
Though we cannot rule out the possibility that other IL-17A-dependent genes (Table E2) are also be involved, our data indicate that GRP/GRPR is likely part of the pathway by which IL-17A contributes to AHR in obese O 3 -exposed mice. Microarray analysis identified, and qRT-PCR confirmed, Grpr as a gene that was induced by O 3 in an IL-17A-dependent fashion in obese mice (Table E2, Figure 5 ). Furthermore, exposure to O 3 increased BAL GRP to a greater extent in obese than in lean mice (Figure 7) , and anti-GRP attenuated obesity-related increases in O 3 -induced AHR ( Figure 6A ), just as anti-IL-17A did ( Figures 3B and 4) . However, because anti-IL-17A did not affect BAL GRP (Figure 7C ), our data are consistent with the hypothesis that interactions between GRP and IL-17A involved IL-17A-mediated changes in Grpr expression rather than GRP release. To our knowledge, this is the first report of O 3 -induced GRP release in the lungs, though others have reported elevated levels in response to another pulmonary irritant, cigarette smoke (39) . NECs are the primary source of GRP in the lungs (21) , and it is possible that greater O 3 -induced release of GRP in obese than in lean mice (Figure 7) is the result of greater numbers of NECs in the lungs of the obese mice, because NEC hyperplasia occurs in a variety of lung diseases (40) . To our knowledge, this is also the first report that IL-17A can affect Grpr expression. Because neutrophils express GRPR (41), and because anti-IL-17A reduced BAL neutrophils (Figure 2A) , we considered the possibility that decrements in pulmonary Grpr expression induced by IL-17A were the result of fewer Grpr-expressing neutrophils in the lungs after anti-IL-17A treatment. However, treatment with anti-GRP had no effect on pulmonary Grpr expression ( Figure 6E ), even though it also caused a substantial reduction in BAL neutrophils ( Figure 6C ). The results suggest that direct effects of IL-17A on Grpr expression were instead involved, though we do not know which Grprexpressing cells were the targets of IL-17A. In addition to neutrophils (41) , many other cells in the lung express Grpr. For example, stimulation of GRPRs enhances phagocytosis and activation of alveolar macrophages (42) . GRP causes contraction of small airways (34) , suggesting that airway smooth muscle could be the target. Pulmonary fibroblasts undergo proliferation in response to GRP, as do endothelial cells and lung epithelial cells (40) , and these cells also express IL-17A receptors (43) . Further experiments will be required to determine which of these cells are involved in the IL-17A/GRPR-mediated responses observed in this study.
Though we cannot rule out the possibility that there were other unmeasured factors that also contributed, our data suggest that, of the neutrophil chemotactic factors measured, changes in CXCL1 may have contributed to the reduction in BAL neutrophils observed in anti-IL-17A-treated obese mice (Figure 2A ). BAL CXCL1 was also reduced in anti-IL-17A-versus isotype-treated db/db mice exposed to O 3 ( Figure 2B ), whereas other neutrophil chemotactic and survival factors were not ( Figures 2C and 2D ). IL-17A is known to stimulate CXCL1 production from macrophages (44) , and others have also reported a role for IL-8 family chemokines in the IL-17A-dependent neutrophil recruitment induced by O 3 in lean mice (45) . IL-17A-dependent changes in Grpr expression ( Figure 5A ) could have also contributed to obesity-related changes in neutrophil recruitment, because anti-GRP also attenuated O 3 -induced increases in BAL neutrophils in obese mice ( Figure 6C ). We did not observe any changes in the BAL concentrations of CXCL1 or other neutrophil chemoattractants, including CXCL2, in anti-GRP-versus isotype-treated mice ( Figure E5 ), suggesting that the effects of anti-IL-17A treatment on CXCL1 ( Figure 2B ) do not involve IL-17A-dependent changes in Grpr expression. Instead, the impact of anti-GRP on neutrophil recruitment ( Figure 6C ) may have resulted from blocking GRPR signaling within neutrophils, because GRP has direct chemotactic effects on neutrophils (41) .
Whereas obesity increased pulmonary IL-17A 1 cells even in the absence of O 3 exposure ( Figure 1B) , obesity did not result in increases in BAL neutrophils unless mice were also exposed to O 3 (Figures 2A and  6C ). It is possible that the changes in IL-17A observed with obesity alone were of insufficient magnitude to evoke neutrophil recruitment. However, it is also possible that IL-17A is not released from IL-17A exposure. Indeed, BAL IL-17A was significantly increased by O 3 but not by obesity alone (Figures 1A and 1G) .
Obesity not only augmented O 3 -induced AHR but also increased airway responsiveness, even in air-exposed mice. Anti-IL-17A did not attenuate this innate AHR (Figure 3 ), even though Kim and colleagues (15) , using mice genetically deficient in IL-17A, did observe a role for IL-17A in the innate AHR of obesity caused by high-fat feeding. It is not clear exactly what accounts for this difference. It may be that IL-17A contributes to innate AHR in mice with dietary but not genetic obesity. However, it is also possible that the explanation lies in the sex of the mice: The db/db mice in the present Figure 6 . Anti-gastrin-releasing peptide (anti-GRP) reduces responses to O 3 in obese mice. (A) Airway responsiveness using G, the coefficient of lung tissue damping, in db/db and WT mice treated intraperitoneally with anti-GRP or isotype antibodies 1 hour before O 3 exposure. (B) In db/db mice, airway responsiveness was also assessed after room air exposure. We also assessed (C) BAL neutrophils and (D) BAL IL-33 in the same mice. (E) Pulmonary Grpr mRNA abundance in db/db mice treated with anti-GRP or isotype antibody before O 3 exposure. ND = experiments with WT mice exposed to air were not done; consequently, statistical analysis of the effect of O 3 in the WT mice was not assessed. Results are mean 6 SE of seven or eight mice per group. *P , 0.05 versus air-exposed mice with same genotype and treatment; # P , 0.05 versus WT mice with same exposure and treatment; % P , 0.05 versus isotype-treated mice with same genotype and exposure. study were female, and the mice in the study of Kim and colleagues were male.
We cannot rule out the possibility that the observed effects of anti-IL-17A (Figures 2-4) were the result of blocking systemic rather than pulmonary IL-17A or that systemic responses to IL-17A were involved. However, at least in db/db mice, the IL-17A that impacts responses to O 3 likely has its origin in the lung rather than in the blood, because O 3 increased BAL ( Figure 1A ) but not serum ( Figure 1F ) concentrations of IL-17A in db/db mice. However, there were increases in serum ( Figure 1I ) as well as BAL IL-17A ( Figure 1G ) in mice with diet-induced obesity after O 3 exposure.
Some technical issues require consideration. First, the anti-IL-17A antibody used has some cross-reactivity with IL-17F. Hence, whereas we focused on IL-17A because of data in the literature suggesting it could play a role in obesity-related differences in the response to O 3 , we cannot rule out the possibility that IL-17F also contributed. Second, we used an acute O 3 exposure (2 ppm for 3 h). We used this O 3 exposure paradigm because our primary interest was the impact of O 3 on AHR and because this exposure regimen is known to cause AHR in obese mice (9, 10) . This concentration is higher than ambient concentrations of O 3 . However, as previously described (46) , because of differences in dosimetry between mice and humans, the dose of O 3 delivered by this exposure regimen is roughly equivalent to the dose employed in human chamber studies in which O 3 -induced AHR was assessed (47) . Third, the mice in this study were female. We used female mice because increases in asthma prevalence with body mass index are stronger in women than in men (48) . The gene that encodes GRPR is located on the X chromosome and escapes X inactivation, resulting in two transcribed alleles in women compared with only one in men (49) . Moreover, lung epithelial GRPR is more readily induced by inhaled irritants such as cigarette smoke in women than in men (50) . Thus, whether the GRP-GRPR axis also contributes to obesity-related increases in O 3 -induced AHR in males remains to be established.
One additional limitation of the study is that we did not evaluate the cellular source of the IL-17A that contributes to obesity-induced augmentation of O 3 -induced AHR. Many cells within the lungs, including CD4
1 T cells, gd T cells, type 3 innate lymphoid cells, and invariant natural killer T cells, have the capacity to produce IL-17A (13, 15, 17, 19, 26, 27) . Better understanding of the cellular source of IL-17A could lead to additional insights into the mechanistic basis for the effects of obesity within the lungs.
In summary, our data indicate that IL-17A contributes to the augmented responses to O 3 observed in db/db mice and suggest that IL-17A may mediate its effects on O 3 -induced AHR via changes in Grpr. The data suggest that IL-17A may contribute to the greater decrements in pulmonary function observed in obese than in lean human subjects after O 3 exposure (5, 6), though experiments in human subjects will be required to confirm that hypothesis. IL-17A-neutralizing antibodies were found to have little effect in an asthma clinical trial in which subjects were recruited without regard to body mass index or allergic status (51) . However, given that IL-17A is elevated in sputum of obese versus lean individuals with asthma (18) , our data suggest that IL-17A might be a therapeutic target in a more restricted cluster of individuals with asthma, those with obesity-related asthma, especially for asthma triggers such as O 3 that involve oxidative stress. n
